of the protein secretome involved in the expansion of GSCs thus has considerable implications in the improvement of treatment options for glioblastoma patients.
To study the molecular basis of this cross talk, we first developed an original in vitro model by co-culturing human brain endothelial cells with patient-derived GSCs. 8, 9, 13, 14 We demonstrated that factors secreted by brain endothelial cells positively control the expansion and survival of GSCs, and vice versa, GSCs modulate the endothelial behavior. Recent research from our laboratory has further suggested that the vasoactive peptide apelin (APLN) may be a central regulator of GSC maintenance. 1 This short peptide is one of the endogenous ligands of the G protein-coupled receptor APJ (APLNR) 15 and is widely expressed throughout various tissues, including the brain. 16 Apelin was identified by mass spectrometry from the brain endothelial secretome and found expressed in glioblastoma patient tissue in close proximity to blood vessels. 1 In vitro, the addition of exogenous apelin was able to sustain GSC growth via its receptor APJ. Knocking down the expression level of APJ in GSCs via small interfering RNA/short hairpin RNA (shRNA) indeed curbs the effects of endothelial cell-conditioned media and of apelin alone. Likewise, pharmacologic inhibition of APJ with a novel competitive antagonist bicyclic peptide MM54 17 inhibited endothelial-mediated GSC expansion in vitro. In addition, when tested in vivo in 2 mouse models of tumor growth, MM54 was found to be safe and effective in reducing tumor growth and increasing survival of GSC-implanted mice. Notably, no obvious adverse effects on the cardiovascular parameters were noted on repeated injections. Together, these results suggest that endothelial-secreted apelin may act as a paracrine Journal of Experimental Neuroscience signal that sustains GSCs and therefore represents a possible novel therapeutic target for the treatment of glioblastoma.
Mechanistically, the precise molecules mediating the effect of endothelial apelin on GSCs requires further investigation. Although the in vitro data clearly demonstrate that apelin directly sustains GSC spheres, the reduction in tumor growth in vivo following administration of the apelin antagonist could be explained by either a direct or an indirect effect on GSCs. However, it does appear that glycogen synthase kinase 3β (GSK3β) signaling may play a role in this process downstream of APJ. 1 Moreover, phosphorylation of GSK3β was observed both in vitro and in vivo, suggesting an inhibitory effect of the apelin antagonist on GSK3β signaling. 1 Indeed, the function of GSK3β signaling has been previously reported to play varied roles in malignancy, depending on the substrate and tumor type. It, has been previously reported that GSK3β has a role in cancer stem cell self-renewal and glioblastoma tumorigenesis. 18 Consistent with the proposed mechanism of apelin in GSC maintenance, administration of the GSK3β competitive inhibitor Tideglusib is effective in a preclinical model of glioblastoma, with inhibition of GSK3β found to inhibit GSC self-renewal and sensitize glioblastoma to temozolomide (TMZ), the alkylating agent used in clinics, without effecting normal astrocytes. 18 Likewise, the apelin receptor antagonist MM54 reduces GSC self-renewal and aggravate the effects of the chemotherapeutic agent TMZ. 1 Collectively, these data suggest that apelin may directly affect GSCs by inhibition of GSK3β signaling. Future work will be designed to precisely address the signaling complexes engaged downstream of APJ in GSCs, in vitro and in vivo.
An alternate argument is that the observed reduction in tumor volume associated with MM54 administration may be due to a reduction in angiogenesis. Apelin has previously been implicated in angiogenesis and is reported to induce vessel sprouting and stabilization of contacts between endothelial cells. 15, 16 Indeed, apelin has a proposed role in tumor angiogenesis and response to anti-angiogenic therapies, with apelin messenger RNA reported to be elevated in patients who do not respond to anti-angiogenic therapy. 19 Moreover, apelin expression has been positively correlated with increased microvessel densities and subsequent tumor growth in human non-smallcell lung carcinoma. 20 It is well established that tumors rely heavily on neo-angiogenesis to receive the nutrients they require to survive. 21 Consequently, the observed effect on tumor growth by blocking apelin in vivo may also be associated with an antiangiogenic effect rather than by directly targeting the GSCs. However, the weight of the in vitro data suggests that endothelial-derived apelin has a clear role in the maintenance of these human GSCs. 1 Moreover, implantation of GSCs in which the apelin receptor has been silenced while left intact in host endothelial cells demonstrated a reduction in tumor size compared with shRNA control groups, a result which cannot be explained by apelin-mediated changes toward angiogenesis.
Although impressive results were obtained with the MM54 compound in xenografted mice, it is important to note that both genetic and pharmacological evidence for the role of APJ in glioma growth were established in immuno-compromised animals. In keeping with this idea, recent published data suggest that in melanoma, point mutations of the APLNR gene are associated with a failure of targeted immunotherapies 22 indicating that the interaction between APLNR and the immune system may warrant further investigation. Nonetheless, tumor growth in vivo is a complicated and multifaceted process that is rarely due to one factor or mechanism alone, and compounds that target multiple aspects of tumorigenesis may prove extremely beneficial. Together, the results of this study highlight the potential of endothelialderived apelin as an exciting target for glioma growth (Figure 1 ). 
